Introduction
The presence of mining-related cavities or karstic features in the rock mass and their actual or potential collapse pose a severe geohazard and a range of subsidence-related problems for both current and future users of that land. Cavities constitute a hazard to both development and redevelopment as their migration to the surface, as sinkholes or fractured and disturbed ground, may seriously damage property and services, and in severe and catastrophic failure, cause potential significant loss of life. The most common natural targets in karst environments are solution-related features such as voids, extended cavern systems, and the collapse/drainage features associated with swallow holes (or sinkholes). Manmade cavities, including mine workings, shafts and tunnels, are just as hazardous and can be even more prevalent than natural features, particularly in industrialized environments. Prior to the development (or redevelopment) of a site, the most common method of site investigation has been to drill an extensive pattern of boreholes over the target area in an attempt to locate and then define the spatial extent of any cavities. Indirect techniques such as geophysics can give a cost-effective, non-invasive method of cavity delineation with targeted drilling used as a verification tool rather than a primary search technique.
The existence of a cavity alters the physical state of the strata and results in a contrast between the cavity and the host stratum that can be detected using suitable geophysical methods if the contrasts are large enough and the features are of a sufficient size (McDowell, 2002) . Microgravity involves measuring minute changes in the gravitational pull of the Earth and interpreting the presence of subsurface density variations, such as those produced by voids and cavities, from an analysis of these readings. A cavity usually has a lower density than the surrounding material and may be filled with water, sediment, collapse material, or a mixture of all of these. A void therefore represents a mass deficiency in the subsurface and a very a small reduction in the pull of the Earth's gravity is observed, which is called a negative gravity anomaly.
Although the method is simple in principle, measurement of the minute variations in the gravity field of the Earth to a few parts per billion requires the use of highly sensitive instruments, strict data acquisition procedures, stringent quality controls, careful data reduction, and sophisticated digital data analysis techniques in order to evaluate and interpret the data. These gravity anomalies are superimposed onto much larger variations produced by elevation, topography, latitude earth tides, and regional geological variations Microgravity surveying has developed considerably over the last 10 years with the development of modern, high resolution instruments, careful field acquisition procedures, sophisticated data reduction methods, and advanced analysis techniques. Qianshen (1996) presents a thorough review of the fundamentals of the microgravity technique although interpretation in particular has developed significantly since then. It is now possible to detect and interpret anomalies as small as 10 microgal with a repeatability of a few microgals. Not only can the isolated anomalies reveal the location of mines, caverns and voids, either natural or man-made, but they also provide information on their depths, shapes and morphology. Through the use of Euler deconvolution and Gauss's theorem, the topology and the 'missing mass' associated with the void can be calculated in order to provide vital information for the development of remediation strategies and, ultimately, the costs associated with cavity filling. Through the targeted use of repeated post-remediation microgravity surveys, assessments can be made on the success, or not, of the remediation process and help verify the location and distribution of materials used to fill the void space.
These attributes have led to the method becoming widely used in hydrogeological, engineering and geotechnical investigations with the significant advantage of leaving the ground completely undisturbed. Conventional site investigation techniques, nowadays sometimes guided by laser cavity scanning, are then employed as directed by the microgravity results to verify the areas deficient in mass. Emsley et al. (1992) and Bishop et al. (1997) describe the application of the microgravity method in the detection of both karstic and man-made cavities and also describe how the resulting data can be enhanced by image processing to better define the anomalies associated with the targets. This paper describes two detailed applications of the microgravity technique for the delineation of mining-related geohazards, the first in a currently operational open-cut gold mine at Kalgoorlie in Western Australia, and the second for the detection of historic chalk mining in the United Kingdom which caused the collapse of the main A2 trunk road into central London in 2002. Both required detailed terrain corrections to be made, in the first case for the effects of the main open cut workings and, in the second, for the influence of surrounding buildings as well as topography. The methods by which these are calculated are very different for the two different environments but are essential if interpretation of small-amplitude subtle anomalies is to be made.
Application of microgravity in open-cut gold mines in Western Australia
Kalgoorlie in Western Australia experienced one of the great gold rushes of the 20th century. Early mining worked steep veins of gold-bearing ore by roof stoping with waste deposited into the resulting steeply-dipping voids. Kalgoorlie Consolidated Gold Mines (KCGM) operate the Fimiston Superpit at Kalgoorlie in Western Australia which is a collection of old mines which are being combined into a single superpit which will eventually reach 500 m depth. The pit is currently 1.8 km in length by 0.8 km in width and has reached a maximum depth of 270 m below the general ground level. The pit has been excavated into a rock mass that has previously been deep-mined from a series of shafts long since abandoned. KCGM have a Vulcan-based digital model of the workings constructed from (poorly recorded) mine abandonment plans but the cavities which the current excavations are encountering are somewhat unpredictable in their geometry and infilling, making it difficult to predict the position of open cavities. The unpredictability of the cavities presents a Health and Safety risk to KCGM as extremely heavy plant (400 tonne Komatsu haul trucks) traverse the pit floor and so a study into cavity detection methods has been made. Several severe collapses have occurred, and a comprehensive procedure of targeted probe drilling and hazard zone identification has been put in place but this has not been sufficient to give adequate prior warning of incipient collapse. A microgravity pilot study and a follow up study were carried out to provide information on four key parameters: o immediately adjacent to the survey area. Several stopes could be seen in the faces and modelling predicted the area would be undermined by a series of north/ south trending stopes. Although the terrain correction for the pit itself was over 7 milligals, it was possible to produce residual maps showing negative gravity anomalies of less than 100 microgals consistent with KCGM's Vulcan model. The area was subsequently excavated and a retrospective correlation confirmed the presence of several features predicted by the microgravity which had not been known from the existing mining plans. The results of the pilot study proved that the method was suitable for locating infilled and open voids beneath the pit floor to a depth of 20-30 m. The main technical constraint on the quality of the data was the huge terrain gradient of 35 microgals per metre which dominated the anomaly gradients. We have developed a rapid terrain effect calculation program to remove the dominating effect of the topography thereby extracting the subtle gravity effects of the voids and backfilled stopes.
The second study, described here, was a blind trial of the microgravity method and was carried out within a few hundred metres of major plant activity to test the application of the method in a production environment. With careful acquisition it was possible to acquire high-quality data which revealed the presence of open and partially-filled stopes which were again confirmed by drilling and excavation.
This survey was undertaken under production conditions at the -200 m level in the centre of Horseshoe Pit ( Figure  1 ). The site area was generally flat with a trammed pit floor providing a rough but reasonably regular surface for gravity meter set-up. The flat pit floor continued for some distance to the north, west, and south, though the eastern edge of the survey area terminated at the toe of a haul road batter. Production continued during the survey on a panel to the east of the haul road and on a panel 100 m to the south. The panel immediately adjacent to the south-west corner of the survey area was drilled and fired during the survey period. The haul road was in use throughout the whole of the survey. A photograph of the area with the survey area outlined in yellow is shown in Figure 2 . The adjacent haul ramp was dug off as acquisition was finishing. The study area lay centrally within the pit, approaching no closer than 200 m to the high walls.
Data acquisition
The pilot study data were obtained from a dense isogonal grid of gravity observations designed to over-sample the gravity to ensure the highest degree of accuracy. By successively re-sampling the pilot study data it was established that observations at 6 m centres on the shot-point grid would be the optimum to ensure rapid acquisition whilst maintaining sufficient resolution. Within the survey area two local elevation benchmarks were established to which all observation elevations were related. A local datum was chosen and subsequently picked up in a routine land survey to act as a cross check during the self-levelling spinning laser level set-up in the survey area at the start of each survey day. Gravity meter elevation was established by the meter operator when the instrument was set up at each observation station using the spinning laser level. A Scintrex CG3M gravity meter was used to acquire the data. The gravity meter was deployed into the survey area after stabilizing and commenced data acquisition using a very high precision surveying protocol and observation of 120 one-second samples. The ability to operate in these adverse noise conditions required careful monitoring of the data noise standard deviation as described below.
Pit noise reduction
This is a very noisy and challenging environment in which to acquire high-resolution microgravity data and the success of this survey depended on being able to acquire data without disrupting normal mining activity. After initializing the instrument and prior to data acquisition, the effect of pit vibration on the data quality was evaluated. A series of measurements were made using a number of different acquisition techniques which showed the degree of seismic noise generated by the production, and established the most effective way of dealing with this. The instrument has the capability to filter seismic noise or to reject data which exceed a certain quality threshold (selective sampling). Without selective sampling or seismic filtering the data quality was particularly poor with an unacceptable standard deviation of 120 samples ranging up to 192 microgals. It was noted, however, that the pit noise was generally transient and of short duration and was greatest when loaded haul trucks ascended the ramp close to and below the gravity meter level. Outside these periods, ambient site noise only degraded data quality marginally, with a reduced standard deviation from 120 samples of 60 microgals. Repeatability remained good at better than 7 microgals despite the wider spread in samples. This is attributed to noise cancelling in the long duration (120 second) sampling. The tests showed that noise reduction was only required for short periods, when haul trucks ascended the lower parts of the adjacent haul ramp. Nearby drilling activity (which produced high frequency noise) did not have an effect that was noticeably different from general background noise. The instrument was set up with the seismic filter activated to evaluate its effectiveness when compared to selective sampling from the instrument without the seismic filter.
The conclusion was that seismic filtering is ineffective and does not appear to improve data quality because the filter design has been optimized for the removal of seismic noise of lower frequency than this production noise. However, selective sampling is both effective and easy to achieve and gravity production rates were hardly affected due to the short duration of the significant noise events. As a consequence of these field tests the feasibility survey was undertaken by selective sampling, permitting high acquisition rates of up to 140 stations per day (12 per hour) and producing high quality data. Night-time acquisition rates reduced to 10 observa- tions per hour and 54 repeat observations gave base station repeats averaging 4.7 microgals with grid repeats averaging 5.7 microgals which is excellent quality in any environment but especially under these conditions. Data were carefully evaluated and any not meeting very stringent quality controls were rejected. The raw Bouguer gravity anomaly map is shown in Figure 3 . While it clearly has a gradient from west to east and does not show any very apparent anomalies, there is a strong linear feature at Easting 19025 which is likely to be very significant although there is still a very large component generated by the topographic effect of the pit itself. Digital elevation models of Main Pit and Office Pit were generated from detailed photogrammetric flyovers as a routine part of resource evaluation and the terrain correction calculated from this DEM using rapid Fourier techniques based on Parker (1995) is shown in Figure  4 . The terrain correction is very large, rising to c 5 mgals at the steepest parts of the high walls but as can be seen returns to a reasonably simple surface in the area of data acquisition which is shown superimposed. The terrain correction and a third order polynomial surface have been subtracted from the raw Bouguer Anomaly map. The resulting microgravity residual map is shown in Figure 5 where several clear negative features are now revealed. The most significant runs due north at Easting 19020 with a very large amplitude of -120 microgals and increases in width and amplitude northwards from about Northing 47920. A second arcuate negative anomaly lies in the eastern portion of the map with a more subtle east-west feature at c Northing 47870. The edge of a negative anomaly can also be seen entering the map in the 
Euler deconvolution automated depth analysis
The position of the bodies which cause the microgravity anomalies can be determined by a process called Euler deconvolution (Thompson, 1982 , Murdie et al., 1999 which is a method for locating the sources of potential fields based on both their amplitudes and gradients and an estimate of the probable geometry of the causative body. Potential fields such as gravity, magnetism, and their spatial derivatives are solutions of Laplace's equation and also satisfy Euler's equation of homogeneity of degree n, where n is known as the structural index.
The derivative of the continuous field V satisfies the above homogeneous equation of degree n where n, the structural index, is an indicator of the fall-off rate of the field with distance r and depends on the geometry of the suspected body (e.g., line, point, sphere or any combination) and the particular potential field type. Hence, if for a field which is measured at point (x,y,z), the gradients in these directions can either be measured or calculated at more than four points, and we can make an estimate of n, we can solve for the location of the causative body, (x 0 ,y 0 ,z 0 ), by a least squares matrix inversion. In this case, we have microgravity as our value for V and in practice a window of 10 to 15 points is moved across the profile and at each window position a solution is obtained which gives an estimate of the position of the causative body. The position of a solution to the equations is shown as a circle on the following figures. Each point indicates one solution and most confidence attaches to regions where the solutions cluster closely together. Figure 6 shows a profile across the map at a northing of 47935 together with the associated Euler deconvolution. The solutions show two clearly defined and well-clustered targets; a deeper western one at about 6.5 m and a shallower eastern one at about 5.5 m.
In the previous study in Main Pit a second order edgedetection filter (Laplacian operator) applied to the residual microgravity anomaly proved to be a very powerful tool for detecting the edges of the stopes. This has been applied to the residual map with the results shown in Figure 7 . A very distinctive, Y-shaped anomaly is revealed at a Northing of 47920 supporting the results of the Euler deconvolution. The plan view of the Vulcan model of the area is shown in Figure 8 with the gravity anomaly superimposed and the three-dimensional bifurcation of the stope can clearly be seen in remarkable agreement with the Laplacian map. A further stope can be seen at the eastern side of the map which is likely to be the cause of the negative microgravity anomaly which appears on that edge of the map. A small shaft is known to be present at 19051, 47892 and has been proven by drilling.
Mass deficit estimates
A very valuable piece of information about an area which is underlain by cavities is the amount of material which has been removed or lost from this area, in other words the mass deficiency. This may be present as discrete cavities or as distributed void space if the rock is particularly vuggy with high porosities. It is particularly useful in estimating the total mass deficiencies due to the presence of subsurface voids and we have used it to calculate the amount of grout required to fill the voids. This mass deficiency, which is the cause of the negative gravity anomaly, can be estimated by Gauss' theorem directly from the anomaly map without any prior knowledge of the exact location or nature of the targets.
This technique is particularly useful in that it can be used to estimate the total quantity of grout necessary for any remedial work and repeated surveys carried out post-grouting can assess the efficiency of the remediation work by confirming that the anomaly has been removed. An approximate estimate of the amount of material missing below the stope bifurcation area of the site has been made from the microgravity map at 1400 tonnes and is shown in Figure 9 . The exact equivalent volume will depend on the density of the infill but is likely to be about 1400 m 3 at a density contrast of 1 Mg/m 3 . In mining operations this can be used to estimate potential production loss due to the presence of voids which may compromise economic viability.
Implications in open pit mines
The microgravity method has shown its capability to detect and delineate the 3D position of old stopes beneath a working pit floor, in excellent agreement with Vulcan models, under high noise conditions in a production environment. It is possible to calculate high-resolution terrain corrections from pit photogrammetric flyovers in a relatively routine, although lengthy, operation. The discrimination of the bifurcation of the stopes shows the resolution which can be obtained with the appropriate Euler deconvolution and Laplacian operator. Mass deficiencies can be obtained directly from the anomaly map for analysis of the scale of depletion of material beneath an area which can impact both mine economics and safety of equipment and personnel.
Chalk mining-induced collapse in London.
Chalk has been extracted extensively in the UK for more than 4,000 years with excavations for flints at Grimes Graves, near Thetford in Norfolk, probably being the earliest. From as early as Roman and Saxon times the flint was initially mined for building purposes while in later years the chalk bedrock itself was extracted and burnt to make lime for producing mortar and agricultural dressings, and to aid the disposal of bodies from the epidemics which ravaged Britain in the period 1348 to 1666. Many parts of Kent and Sussex are pock-marked by ancient workings called deneholes which are underground structures consisting of many small chalk mines entered by a vertical shaft. Several major towns have extensive areas which are underlain by historic chalk workings, most notably Reading, Norwich, and the Blackheath and Lewisham districts of south-east London.
On Sunday 7 April 2002 a major collapse occurred within the A2 (the ancient Roman road connecting Dover to London) where it climbs Blackheath Hill in south-east London, which manifested itself as two crown holes near the intersection of Blackheath Hill and Maidenstone Hill. The larger of the two holes appeared in the eastbound lane of Blackheath Hill, directly opposite the entrance to Maidenstone Hill, with a diameter of approximately 9 m and a depth of nearly 3 m. The second hole, with a diameter of approximately 2 m, appeared a short distance uphill of the large hole, within the footway outside a private block of flats, and further evidence of subsidence was noted by extensive cracking in the surrounding road pavement and footpaths. During the week commencing 6 May 2002, a third hole opened up within the road in front of the blocks of flats to the east of the initial holes with approximate dimensions of 1.6 m x 3.2 m x 2.0 m deep. The collapses occurred after subsoil washed away triggering subsidence of chalk pits dating from the mid-fifteenth century (and possibly Roman times) through to the mid-nineteenth century.
The earliest documented evidence obtained of chalk extraction on Blackheath Hill is the reference in the Acts of the Privy Council, 1590 (Vol. xix, p. 355) to the use of lime kilns, 'when the lessee, having been ordered not to carry on his trade when the Queen was in residence in Greenwich, on account of the smoke, petitioned the Privy Council to have some remission made in his rent to recoup his loss'. Blackheath Hill is the nearest source of chalk to London and, after the Great Fire in 1666, immense quantities were required for the rebuilding of the city, 'particularly as there was every inducement at that time to work the chalk by every means available'. This is presumed to be since new building regulations required buildings to be constructed of brick and mortar rather than of timber (The Transactions of the Greenwich Antiquarian Society 1905 Society -1907 .
The 2002 collapses caused traffic chaos with extensive diversions for many months, a number of people were evacuated from their homes, and investigation and remedial works spanning 10 months were carried out at a cost of several million pounds. An extensive microgravity survey (2,660 points on a 3 m grid) was carried out along the spine of the road and in adjacent areas of land ( Figure 10 ).
Terrain correction for high-rise buildings cannot be done using normal terrain correction programs no matter how sophisticated because most slopes are vertical and high resolution is required which cannot be obtained using the Fourier methods we employed in Kalgoorlie. An analytical solution is required to deal with this situation.
The force on a test particle of mass m located at a position (a,0,0) from a rectangular parallelepiped with side lengths 2a, 2b and 2b is given by:
An algorithm based on this expression is used to calculate the effect of WALLS which are then assembled into BUILDINGS, which can be stacked, their gravity effect calculated, rotated into their final positions and assembled into a CITY. This can be repeated as required. Figure 11 shows the terrain correction for the areas of collapse and their surroundings in Greenwich. This has then been removed from the observed gravity map to give the residual microgravity map shown in Figure 12 . After correction for the terrain effects of a number of low-rise residential blocks, the data revealed the presence of areas where chalk had been historically excavated primarily from beneath the edges of the road. It also indicated areas of the road underlain by undisturbed ground. The map shows that most of the Roman road, the areas in red and yellow, has not been significantly compromised by mining. However in the areas around Northing 900 to 950, significant areas of blue indicate the negative anomalies associated with mining around and under the old road and the area of collapse. A clear transverse anomaly crossing the road at Northing 850 is an old railway tunnel which was not disclosed to us before the survey but was clearly distinguished confirming the efficacy of the technique. Approximately 150 boreholes were sunk to prove the results of the gravity survey which showed excellent correlation with the identified areas of mass deficiency.
Similar successful microgravity surveys have been and are currently being carried out in Norwich, Norfolk and Hatfield, Hertfordshire where extensive areas of old chalk mines and quarries are present and chalk-related subsidence has occurred since the last century.
Further developments of the microgravity technique
The identification of the cause of the subsidence (i.e. a cavity or solution feature) is only the first objective of a site characterization program. The assessment of stability and potential hazard posed by the migration to the surface and possible collapse of such a feature is an integral part of the remediation process. Time-lapse microgravity is a technique in which repeated microgravity surveys can be used to identify sub-surface density contrasts and monitor their development over time. The use of time-lapse microgravity to track the development of sub-surface density contrasts can provide a fast, real-time, cost-effective, monitoring technique which has little or no impact on the residents or environment. Although microgravity surveys are becoming accepted practice in site investigations over the last ten years, time-lapse microgravity remains a relatively new discipline although examples of its use exist in the literature.
Repeated microgravity surveys were used by Poeter (1990) to locate textural heterogeneities within the cone of depression caused by pumping in an unconfined aquifer. Pool and Eychaner (1995) also used time-lapse microgravity to monitor the movement of groundwater. In this case temporal-gravity surveys were used to directly measure aquifer-storage change and estimate values of specific yield. A forward inversion was performed by Hare et al. (1999) to investigate the potential of time-lapse microgravity to monitor the success of a proposed water injection in the Prudhoe Bay reservoir, Alaska. However, until recently (Rybakov et al., 2001) , time lapse microgravity has not been used to detect and then monitor areas of low density in unstable environments. Rybakov et al. (2001) used repeated microgravity surveys to monitor the evolution of sinkholes at the western edge of the Dead Sea. Recent refinements have been made to this technique, including its application in a 4D (temporal) mode, by the Applied and Environmental Geophysics Group at Keele University and these are reported in a number of papers, for example: (Branston and Styles 2003 , Styles 2003 , 2004 , Styles et al., 2005 . Most recently, Bate (2005) and Bate and Styles (2006 in press) have successfully used the technique to monitor the volumetrics of stored gas in disused hydrocarbon reservoirs in the UK and France. This has obvious extension to the long-term monitoring of sequestered CO2 as a lower cost alternative to 4D seismics.
Microgravity has great potential for applications which require the non-invasive detection of cavities generated by either natural (karstic) or man-made (mining) processes and when employed in a 4D mode can track the progress of the development of cavity instability. 
